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Edited by Pascale CossartAbstract The busA locus of Lactococcus lactis encodes a gly-
cine betaine uptake system. At low osmolarity, the transcrip-
tion of busA is repressed by the BusR protein, which is
responsible for the osmotic inducibility of the busA promoter
(busAp). In this work, we investigated the mechanism of the
osmo-dependent repression by BusR. We found that BusR bind-
ing to the busA promoter is dependent on the ionic strength
in vitro. Using a BusR derivative carrying a phosphorylation
site and the Escherichia coli RNA polymerase holoenzyme,
we showed that these proteins are able to form a stable ternary
complex by both binding to the same busAp fragment. The
association/dissociation of BusR to the RNA polymerase–bu-
sAp complex is strictly correlated to the surrounding ionic
strength. Together, these results suggest that during growth
at low osmolarity BusR represses transcription from busAp at
a step further the recruitment of the RNA polymerase. At high
osmolarity, an elevated cytoplasmic ionic strength would disso-
ciate BusR from busAp, resulting in the osmotic induction of
the busA operon.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Osmotic gene regulation; DNA–protein interactions1. Introduction
In media of elevated osmolarity, bacterial cells restore tur-
gor, the osmotic motor of cell elongation, by accumulating
osmolytes in the cytoplasm [1,2]. These include ions, like K+
glutamate, and a number of osmoprotectant organic com-
pounds, the so-called compatible solutes, which can accumu-
late to very high levels in the cytoplasm without deleterious
eﬀects on enzymatic activities [3]. The osmolarity-induced
upregulation of genes involved in the synthesis and/or uptake
of osmoprotectants is a key step in adaptation to hyperos-
motic conditions [1,4,5]. The lactic acid bacterium Lactococcus
lactis possesses an uptake system for the compatible solute gly-
cine–betaine, named BusA [6] or OpuA [7,8], which belongs to*Corresponding author. Fax: +33 5 61 33 58 86.
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doi:10.1016/j.febslet.2007.06.037the ABC transporter family. The BusA-dependent uptake of
osmoprotectants is stimulated at elevated osmolarity through
two additive mechanisms. The activity of the ABC transporter
is sensitive to the ionic strength of the cytoplasm and is thereby
stimulated at high osmolarity [9,10]. In addition, the busA op-
eron transcription is enhanced by an osmotic upshock result-
ing in increased amounts of BusA transporter [6,7]. In
previous work, we have demonstrated that the osmotic induc-
tion of L. lactis busA is due to the relief of the repression of
busAp by the regulator protein BusR [11]. Here, we investi-
gated the mechanisms by which BusR represses transcription
of busA. We report that binding of BusR to the busAp region
is aﬀected by ionic strength in vitro, and discuss the signiﬁ-
cance of this result with regards to the osmotic induction of
busA in vivo.2. Materials and methods
2.1. Bacterial strains and culture conditions
The Escherichia coli strains BL21(DE3) ½F ompT gal ½dcm ½lon
hsdSB ðrB mB Þ; ðDE3Þ [12] and DH5a [13] were used for expression
of recombinant proteins and cloning, respectively. Bacteria were grown
at 37 C in LB medium [14]. Ampicillin (Amp) and Spectinomycin (Sp)
were used at 100 lg ml1. Over-expression of BusRHIS was induced at
OD600 = 0.2 by the addition of 1 mM IPTG followed by overnight
growth.2.2. Plasmids and DNA manipulation
Isolation of plasmid DNA, digestion with restriction enzymes, liga-
tion with T4-DNA ligase and transformation of E. coli were carried
out as described [13]. Plasmid pBUS95 encodes BusR with an N-termi-
nal 6-histidine tag (BusRHIS). Plasmid pBUS98 encodes BusR*, a
BusR derivative carrying, at its C-terminal part, the Bovine Heart
Protein Kinase (BHPK) phosphorylation site (RRASV). Two DNA
fragments encoding BusR derivatives were PCR-ampliﬁed using
plasmid pOPU2 [7] as a template and the pairs of primers bus113
(5 0-GGGGCATATGCGGATAGCAAGACAGCCAAGATACC-3 0)/
bus116 (5 0-GGGGGGATCCTTATACGCTAGCTCGACGGTTGC-
CATAAAAGAAGTTTTGGAC-3 0) or bus114 (50-GGGGCATATG-
CACCACCACCACCACCACAGCAGCGGCCTGGTGCCGCGCG-
GCATGCGGATAGCAAGACAGCCAAGATACC-30)/bus116. After
digestion by BamHI and NdeI, both DNA fragments were cloned in
the vector pET11a [15], yielding plasmids pBUS98 and pBUS95,
respectively.2.3. Preparation of crude extracts from E. coli
Crude extracts were prepared as described in [11]. After the second
centrifugation, protein pellets were resuspended either in B buﬀer
[20 mM HEPES, pH 8.0; 1 mM EDTA; 7 mM b-mercapto-etha-
nol; 10% (vol/vol) glycerol] and adjusted to 1 lg of protein ll1 for
use in EMSA, or in E buﬀer (see Section 2.4) for BusRHIS puriﬁcation.blished by Elsevier B.V. All rights reserved.
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BusRHIS protein was puriﬁed on Ni
2+-NTA (nitrilotriacetic acid)
agarose resin following instructions of the supplier (Qiagen). Brieﬂy,
crude extracts were prepared as described above (see Section 2.3).
After the second centrifugation, protein pellets were resuspended in
E buﬀer (50 mM NaH2PO4, 300 mM NaCl, 10 mM Imidazole, pH
8.0) and applied to a Ni2+-NTA column. After washing, the protein
was eluted by an imidazole step gradient (50, 100 or 200 mM). Samples
were collected and analyzed (10 lg of total protein) by SDS–PAGE
and Coomassie blue staining. Protein aliquots were kept at 80 C
in 20% glycerol.
2.5. Electromobility shift and phosphorylation assays
Electromobility shift assays (EMSA) were performed on 5% poly-
acrylamide gels as described in [11]. The 64 bp opuAp DNA fragment
was ampliﬁed by PCR, using plasmid pOPU2 [7] as a template and the
pair of primers bus56 (5 0-GTTCAAATTTAGTTAGTTGACATAG-
3 0) and bus58 (5 0-CATTTAAAGTGACCACTCAATAATAAC-30).
When indicated, BusR* was previously phosphorylated by incubating
crude extracts (10 lg of total protein) with 4 U of BHPK [P2645, Sig-
ma] in 50 ll ﬁnal volume of P buﬀer (20 mM Tris–HCl pH 7.5,
100 mM NaCl, 12 mM MgCl2, 4 mM DTT) containing 0.2 lM of
[c-32P]-ATP, for 30 min at room temperature as described in [16]; unin-
corporated radioactivity was eliminated by ﬁltration through a G-50
Sephadex column. Puriﬁed E. coli RNA polymerase holoenzyme was
from EPICENTRE Biotechnologies.Fig. 1. Binding of BusR to the busA promoter of L. lactis depends on
K+ glutamate. (A) Protein fractions containing puriﬁed BusRHIS were
analyzed by SDS–PAGE and Coomassie blue staining. FT: ﬂow
through; W: wash; E1 to E3: elutions (50, 100 and 200 mM imidazole,
respectively). (B) Radiolabeled busAp DNA probe (10 ng) was
incubated alone (FP) or with 5 lg of BusRHIS and the indicated
concentrations of K+ glutamate (K+-glu), and subjected to polyacryl-
amide gel electrophoresis. An autoradiography of the gel is shown.
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Fig. 2. Binding of BusRHIS to the busA promoter of L. lactis is
modulated by ionic strength. EMSA were performed as in Fig. 1, but
with addition of the indicated concentrations of KCl or Na+ glutamate
(Na+-glu).3. Results and discussion
3.1. Binding of BusR to the busA promoter region is modulated
by the ionic strength
The BusR protein represses transcription of busA by binding
to a site overlapping the busA promoter. Accordingly, a L. lac-
tis strain carrying a busR deletion transcribed busAp in a con-
stitutive manner, irrespective of the osmolarity of the growth
medium, demonstrating that in vivo BusR is a major determi-
nant of the osmotic inducibility of busAp [11]. To investigate
the mechanism of the osmotic regulation of busAp, we ana-
lyzed the binding of BusRHIS, a tagged version of BusR, to
its busAp target in the presence of diﬀerent osmolytes. BusRHIS
was fully functional, since it could repress a busAp–lacZ tran-
scriptional fusion in the heterologous host E. coli. Over-ex-
pressed BusRHIS was puriﬁed by Ni
2+-NTA aﬃnity
chromatography. SDS–PAGE analysis showed that BusRHIS
migrated with an apparent molecular mass of approximately
25 kDa, consistent with its calculated molecular mass
(23799 Da; Fig. 1A). To prevent non-speciﬁc eﬀects due to
contaminating proteins, the purest fraction (E3 on Fig. 1)
was used in EMSA. As shown in Fig. 1B, BusRHIS bound a bu-
sAp DNA probe and this binding was dependent on the con-
centration of K+ glutamate. Up to 200 mM, K+ glutamate
enhanced the BusRHIS aﬃnity for its binding site, a phenome-
non commonly encountered in protein–DNA interactions
in vitro [17]. However, higher concentrations inhibited this
interaction, and prevented the binding of BusRHIS to its target
site at busAp.
To determine whether the eﬀect of K+ glutamate was spe-
ciﬁc, we repeated the same experiments in the presence of
increasing concentrations of KCl or Na+ glutamate (Fig. 2).
Both ionic species enhanced the binding of BusRHIS at low
concentrations and were inhibitory at concentrations above
200 mM, indicating that the eﬀect of K+ glutamate is speciﬁc
neither for potassium nor for glutamate. In contrast, non-ionic
osmolytes, such as sucrose up to 400 mM or glycine betaine
up to 800 mM were unable to prevent the formation of theBusRHIS/busAp complex (data not shown). Therefore, the
binding of BusRHIS to busAp depends on the ionic strength
and not on the presence of osmolytes per se.
3.2. Eﬀect of K+ glutamate on binding of RNA polymerase to the
busA promoter region
The BusR binding site at the busAp region overlaps the
spacer between the 35 and 10 elements of the promoter
[11], suggesting that the repressor could compete with the
RNA polymerase for binding to busAp. We thus investigated
whether the interactions of BusR and RNA polymerase with
target DNA are mutually exclusive or whether both can bind
simultaneously. Since BusR is able to repress transcription
from busAp in the heterologous host E. coli [11], we performed
EMSA with a busAp DNA fragment and commercially avail-
able E. coli RNA polymerase. Incubation of the busAp probe
with a crude extract from an E. coli strain expressing BusR
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Fig. 3. Eﬀect of K+ glutamate on binding of BusR and E. coli RNA
polymerase to busAp. Radiolabeled busAp DNA probe (10 ng) was
incubated alone (FP) or with crude extracts (1.5 lg of total protein)
containing BusR* (pBUS98) or not (pET11a) and/or with 1 unit of
E. coli RNA polymerase holoenzyme, in the presence of various
concentrations of K+ glutamate (K+-glu), as indicated.
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Fig. 4. BusR* and E. coli RNA polymerase both bind to the same
busAp DNA molecule. (A) Radiolabeled BusR* (32P-BusR*) was
obtained by BHPK-phosphorylation of crude extracts from the E. coli
strain BL21(DE3) transformed with pBUS98 in the presence of [c-32P]-
ATP. (B) EMSA were performed by incubating 10 ng of busAp DNA
probe, radiolabeled (32P-busAp) or not (busAp), with either crude
extracts containing unlabeled (BusR*) or labeled (32P-BusR*) BusR*,
or control extracts devoid of BusR* (BL21DE3 transformed with
pET11a) and submitted to BHPK phosphorylation (32P-CE). (C)
EMSA were performed as in B, but with addition of 1 unit of E. coli
RNA polymerase holoenzyme and increasing concentrations of K+
glutamate (K+-glu), as indicated.
Y. Romeo et al. / FEBS Letters 581 (2007) 3387–3390 3389resulted in a DNA shift (Fig. 3, lane 3). This band corresponds
to a busAp–BusR complex [11] and, accordingly, it was absent
using an extract devoid of BusR (Fig. 3, lane 2). Addition of
puriﬁed E. coli RNA polymerase to the extract containing
BusR resulted in three major retarded bands (Fig. 3, lanes
5–12): one corresponding to the busAp–BusR complex, and
two additional bands, of very low mobility (labelled bands
A and B on Fig. 3). The relative intensity of bands A and B
was dependent on the concentration of K+ glutamate. At
low K+ glutamate concentration, only the slower migrating
band A was observed (Fig. 3, lanes 5–10). At 300 or
400 mM of K+ glutamate the amount of band A was reduced,
and band B became prominent. We note that band B migrates
like the slower band obtained when the busAp probe was incu-
bated with RNA polymerase and a crude extract devoid of
BusR (Fig. 3, lane 4). Thus, band B probably corresponds
to a busAp–RNA polymerase complex. In addition, we also
note that the reduction in the amount of band A at high K+
glutamate concentrations parallels that of the busAp–BusR
complex band (Fig. 3, lanes 10–12). The simplest explanation
is that when RNA polymerase and BusR are both present,
they can form a ternary complex containing both protein spe-
cies bound to DNA, resulting in the slower migrating band A.
High K+ glutamate concentrations are likely to dissociate
BusR from the ternary complex, resulting in a busAp–RNA
polymerase complex (band B). Since the dissociation of BusR
from the binary (busAp–BusR) and ternary (RNA polymer-
ase–busAp–BusR) complexes respond similarly to K+ gluta-
mate, it is likely that interaction of BusR in the ternary
complex is essentially, if not solely, mediated by protein–
DNA interactions.3.3. BusR protein is present in a low mobility ternary complex
with RNA polymerase and busAp DNA
To conﬁrm our hypothesis, we used BusR*, a modiﬁed form
of BusR carrying a BHPK-phosphorylation site at its C-termi-
nal end (Fig. 4A). Crude extracts from an E. coli strain con-
taining plasmid pBUS98 (expressing BusR*) or the empty
vector pET11a were prepared and subjected or not to
BHPK-phosphorylation in the presence of [c-32P]-ATP. Ex-
tracts containing phosphorylated BusR* (32P-BusR*) gave a
single radiolabeled band (Fig. 4B, lanes 3 and 4), while no sig-
nal was detected in the absence of BusR* (32P-CE on ﬁg. 4B,
lane 5). The BHPK-phosphorylated or unphosphorylated ex-
tracts were then used for EMSA with cold or radiolabeled
(32P-busAp) busAp DNA, respectively. As expected, the
BusR–busAp binary complex was observed using 32P-busAp
(Fig. 4B and C, lanes 2) or 32P-BusR* (Fig. 4B, lane 4 and
Fig. 4C, lanes 3–5). Upon addition of RNA polymerase, the
complex of lower mobility (band A) was visualized either in
the presence of 32P-busAp (Fig. 4C, lanes 6) or 32P-BusR*
3390 Y. Romeo et al. / FEBS Letters 581 (2007) 3387–3390(Fig. 4C, lanes 4 and 5), whereas band B, corresponding to a
RNA polymerase–busAp complex, was detected only using
32P-busAp and not 32P-BusR* (compare lanes 5 and 6 in
Fig. 4C). These results conﬁrmed that band A does contain
BusR and, altogether, these data show that busAp forms a ter-
nary complex with the RNA polymerase and BusR bound
simultaneously.
3.4. Mechanism of osmotic activation of busA transcription
Upon an osmotic upshock, non-halophilic bacteria undergo
an increase in cytoplasmic ionic strength resulting from an ef-
ﬂux of water often accompanied by an active uptake of K+
ions from the surrounding medium [18–20]. Recent work dem-
onstrated that such an increase in ionic strength stimulates the
activity of the L. lactis BusA (OpuA) ABC transporter [9,10].
Using concentrations of K+ ions close to those found in the
cytoplasm of osmotically stressed bacteria (up to 1 M), we
show here that increased ionic strength is also responsible
for the dissociation of the BusR repressor from busAp. There-
fore, it appears that cytoplasmic ionic strength exerts a dual ef-
fect on the transport of osmoprotectant molecules in L. lactis,
increasing both the amount and the speciﬁc activity of BusA.
In addition to BusA, this study shows that BusR functions
as an osmo-sensor, since its activity is directly modulated by
the surrounding osmolarity. Interestingly, BusR is able to bind
its target sequence both in a binary BusR–DNA complex and
in a ternary complex with RNA polymerase present at the pro-
moter (Figs. 3 and 4). Presumably, the ternary complex is not
transcriptionally active and removal of BusR would then allow
completion of the last steps of the transcription initiation pro-
cess. Besides, since the unique BusR binding site is located be-
tween the 35 and 10 busAp promoter boxes [11], we
hypothesize that BusR and RNA polymerase bind to opposite
faces of the DNA helix.
Finally, we note that BusR is not the only repressor able to
respond to cytoplasmic solutes. Indeed, the CRP–cAMP com-
plex functions as a repressor of the osmotically inducible pro-
moter proPP1 in E. coli and this repression is also relieved by a
high concentration of K+ glutamate [21]. Furthermore, in
E. coli, an increase in cytoplasmic K+ glutamate concentration
has been shown to activate transcription at the r70-dependent
proU promoter [22] or at several rS-dependent promoters
[23,24] and also to directly repress transcription initiation at
the promoters of rRNA genes [25]. Thus, ionic strength-depen-
dent protein–DNA interactions appear to be a mechanism
commonly used to achieve osmotic regulation of transcription
in bacteria.
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